RNAs 1 and 2 of the tripartite genome of alfalfa mosaic virus (AMV) encode the replicase proteins P1 and P2, respectively. P1 contains a methyltransferase-like domain in its N-terminal half, which has a putative role in capping the viral RNAs. Six residues in this domain that are highly conserved in the methyltransferase domains of alphavirus-like viruses were mutated individually in AMV P1. None of the mutants was infectious to plants. Mutant RNA 1 was coexpressed with wild-type (wt) RNAs 2 and 3 from transferred DNA vectors in Nicotiana benthamiana by agroinfiltration. Mutation of His-100 or Cys-189 in P1 reduced accumulation of negative-and positive-strand RNA in the infiltrated leaves to virtually undetectable levels. Mutation of Asp-154, Arg-157, Cys-182, or Tyr-266 in P1 reduced negative-strand RNA accumulation to levels ranging from 2 to 38% of those for the wt control, whereas positive-strand RNA accumulation by these mutants was 2% or less. The (transiently) expressed replicases of the six mutants were purified from the agroinfiltrated leaves. Polymerase activities of these preparations in vitro ranged from undetectable to wt levels. The data indicate that, in addition to its putative role in RNA capping, the methyltransferase-like domain of P1 has distinct roles in replication-associated functions required for negative-strand RNA synthesis. The defect in negative-strand RNA synthesis of the His-100 and Cys-189 mutants could be complemented in trans by coexpression of wt P1.
Alfalfa mosaic virus (AMV) is a positive-strand RNA virus belonging to the family Bromoviridae. It has a tripartite genome, with RNAs 1 and 2 encoding the replicase proteins P1 and P2, respectively. Of these, P1 contains regions with homology to known methyltransferase domains in its N-terminal half, as well as a superfamily I helicase-like domain in its C-terminal half (10, 33) (Fig. 1A) . P2 is the viral RNA-dependent RNA polymerase protein (RdRp) (27) . AMV RNA 3 codes for the movement protein (P3) as well as the coat protein (CP), which is translated from subgenomic mRNA 4. A mixture of the genomic RNAs of AMV is infectious only when either CP or RNA 4 is added to the inoculum in a process called genome activation (7, 13) . However, it was recently shown that addition of a poly(A) tail to the normally unpolyadenylated 3Ј-untranslated regions (UTR) of the AMV RNAs can substitute for the requirement for CP in the inoculum (25) . All AMV RNAs are capped, with uncapped RNAs 1 and 2 being noninfectious. In addition, uncapped RNA 4 is unable to activate the genome.
Viruses that belong to the alphavirus-like superfamily of viruses replicate in the cytoplasm of infected cells. They use the host translation machinery for translation of their RNAs, which are capped with a 7-methyl-G(5Ј)ppp moiety. Since cellular mRNAs are capped in the nucleus, the host capping proteins are not accessible to alphavirus-like viruses. Consequently, these viruses encode their own capping enzymes. The capping reaction of alphavirus RNAs can be divided into four steps (3, 6) : (i) dephosphorylation of the viral RNA 5Ј-pppN end, resulting in a 5Ј-ppN terminus, (ii) methylation of GTP, resulting in m 7 GTP, (iii) complex formation of m 7 GTP and the viral methyltransferase protein (MT), resulting in m 7 GMP-MT, and (iv) transfer of the m 7 GMP moiety of m 7 GMP-MT to the 5Ј-ppN terminus of the RNA, resulting in m 7 GpppN(pN) n . It has been shown that steps ii and iii, the methyltransferase and guanylyltransferase reactions, are supported in vitro by the proposed capping protein domains of Semliki Forest virus (SFV), tobacco mosaic virus, bamboo mosaic virus (BaMV), hepatitis E virus (HEV), and brome mosaic virus (BMV) (1, 4, 15, 20, 22, 23) . In addition, the proposed capping protein of Sindbis virus (SIN) can support at least the methyltransferase reaction of the capping process in vitro (43) . Recently, RNA 5Ј-triphosphatase activities (step i of the capping process) were assigned to the helicase-like proteins of SFV, SIN, and BaMV (21, 41) . Moreover, it was shown that BaMV RNA can be capped in vitro by sequential treatment of the template with the BaMV helicase-like and methytransferase domains (21) .
Despite a very low sequence homology between the proposed capping proteins of alphaviruses and alphavirus-like viruses, four highly conserved sequence motifs were distinguished (33) . Several conserved motifs in the proposed capping proteins of AMV, BMV, HEV, SFV, and SIN are shown in Fig. 1B . Motif I contains an invariant His residue (His-100 in AMV P1), motif II contains a conserved AspXXArg sequence (Asp-154 and Arg-157 in AMV P1), and motif IV is characterized by an invariant Tyr residue (Tyr-266 in AMV P1). In addition, two conserved Cys residues have been recognized (Cys-182 and Cys-189 in AMV P1) (33) . Mutation of these conserved residues affected infectivity, methyltransferase activity, and/or guanylyltransferase activity of BMV, SFV, and SIN (1, 2, 4, 43) .
Previously, we showed that the replicase proteins P1 and P2 of AMV could be transiently expressed in Nicotiana benthami-ana leaves by agroinfiltration (42) . Expression of RNAs 1 and 2 from a transferred-DNA (T-DNA) vector resulted in formation of an RdRp complex that was active both in vivo and in vitro. Accumulation of P1 and P2 in this system was not affected by mutations that inhibited replication of RNA 1 or 2 (42) . In the present study, agroinfiltration was employed to express AMV RNAs 2 and 3 in N. benthamiana together with RNA 1 sequences encoding a mutation of one of six conserved residues in the methyltransferase-like domain of P1 (Fig. 1B) . The mutations abolished infectivity of the virus and affected the accumulation of negative-and positive-strand RNA to various degrees. Several mutations that affected negativestrand RNA synthesis could be complemented in trans by coexpression of wild-type (wt) P1. Partial purification of the transiently expressed mutant replicases yielded preparations supporting transcription of positive-and negative-strand AMV template RNAs in vitro at levels ranging from 0 to 100% of those for the wt. The data indicate that, in addition to causing a putative defect in capping activity, the mutations affected other replication-associated functions.
MATERIALS AND METHODS
DNA constructs. The construction of plasmids pBS-R1, pMOGR2, pMOGR12, pMOGR12-C189S, pMOGR3, and pMOGR1⌬/2⌬ was described previously (42) . pBS-R1 contains AMV cDNA 1 cloned between the cauliflower mosaic virus 35S promoter and the terminator sequence of the nopaline synthase gene (Tnos). pMOG800 is the binary vector used to express cDNA 1 (R1), cDNA 2 (R2), and cDNA 3 (R3) upon agroinfiltration. The empty vector was used as a negative control (42) . pMOGR12 contains both cDNA 1 and cDNA 2. In pMOGR12-C189S cDNA 1 encodes the C189S mutation. pMOGR1⌬/2⌬ contains cDNAs 1 and 2 with the 3Ј-UTRs deleted.
Mutations were introduced by PCR-mediated site-directed mutagenesis. To introduce H100A, nucleotides 214 to 407 of AMV cDNA 1 were amplified by PCR with primers pCo10 (5ЈCGACACAACTGCAATCGG3Ј) and pCo11 (5ЈC CGCAAAGCATGCAGATGAACTCGAACTG3Ј). Nucleotides 389 to 1248 were amplified with primers pCo12 (5ЈCATCTGCATGCTTTGCGGCTGCCC ATC3Ј) and pCL10 (5ЈGCGGAATGAGCATCAGCG3Ј). Due to the complementarity of pCo11 and pCo12, the two fragments could be fused by PCR with primers pCo10 and pCL10. The SalI-NdeI fragment of the product of this PCR was exchanged with the corresponding fragment of pBS-R1, yielding pBS-R1H100A. Together with the coding sequence change producing H100A, a silent mutation was introduced into codon 101 of cDNA 1 to create an SphI site. To introduce D154A, nucleotides 389 to 573 of AMV cDNA 1 were amplified with primers pCo12 and pCo17 (5ЈGTGAGCCTAGCTCCGGCTCTAG3Ј). Nucleotides 551 to 904 were amplified with primers pCo16 (5ЈCTAGAGCCGGA GCTAGGCTCAC3Ј) and pCo13 (5ЈGACTAGCTCCCAAATTGGGCTCG3Ј). The two fragments were fused by PCR using primers pCo12 and pCo13. An HpaII site was created by the coding sequence change producing the D154A mutation. To introduce R157G, nucleotides 389 to 573 of AMV cDNA 1 were amplified with primers pCo12 and pCo19 (5ЈGTGAGCCCTGCTCCGTCTCT AG3Ј). Nucleotides 551 to 904 were amplified with primers pCo18 (5ЈCTAGA GACGGAGCAGGGCTCAC3Ј) and pCo13. The two fragments were fused by PCR using primers pCo12 and pCo13. Together with the introduction of R157G, an AluI site was disrupted by a silent mutation in codon 156 of cDNA 1. To introduce coding sequence changes producing D154A and R157G into fulllength cDNA 1, the ApaI-SspI fragments of the respective PCR products were first ligated to the SspI-EcoRI fragment of cDNA 1 and cloned in pBluescript SK (ϩ). The NdeI-EcoRI fragments of these constructs were then exchanged with the corresponding fragment of pBS-R1, yielding pBS-R1D154A and pBS-R1R157G.
To introduce C182S, nucleotides 389 to 655 of AMV cDNA 1 were amplified with primers pCo12 and pCo23 (5ЈGAAACGTATCCATGCTGTAATC3Ј). Nucleotides 633 to 904 were amplified with primers pCo22 (5ЈGATTACAGCAT GGATACGTTTC3Ј) and pCo13. The two fragments were fused by PCR using primers pCo12 and pCo13. Together with the introduction of C182S, an AflIII site was disrupted by a silent mutation in codon 684 of cDNA 1. To introduce coding sequence changes producing C182S into full-length cDNA 1, the SspI-SstI fragment of the PCR product was first ligated to the SspI-SalI fragment of cDNA 1 and cloned in pBluescript SK(ϩ). The SalI-BglII fragment of this construct was To introduce Y266A, nucleotides 389 to 904 of AMV cDNA 1 were amplified with primers pCo12 and pCo13. Nucleotides 895 to 1248 were amplified with primers pCo14 (5ЈGGAGCTAGTCATCGGTTTTCATTG3Ј) and pCL10. The two fragments were fused by PCR with primers pCo12 and pCL10. The BglIIHpaI fragment of the product of this PCR was exchanged with the corresponding fragment of pBS-R1, yielding pBS-R1Y266A. An AluI site was disrupted by the coding sequence change producing the Y266A mutation.
All PCR-derived fragments were sequenced (T7 sequencing kit; Amersham Pharmacia Biotech). A silent mutation had been introduced into codon 159 of pBS-R1R157G. All cDNA 1 constructs that were cloned in pBS-R1 were subsequently transferred to pMOGR2 with KpnI and SstI, yielding pMOGR12-H100A, pMOGR12-D154A, pMOGR12-R157G, pMOGR12-C182S, and pMOGR12-Y266A.
Agrobacterium tumefaciens-mediated transient expression. Agroinfiltration experiments were done with N. benthamiana as transient expression of genes from the T-DNA vector is most efficient in this plant species. Moreover, N. benthamiana is the preferred host for the isolation of AMV RdRp. Transformation of the pMOG T-DNA constructs to A. tumefaciens strain LBA4404 by electroporation and agroinfiltration of leaves was done as described previously (42) . Bacterial suspensions were infiltrated in N. benthamiana through incisions in the leaves by using a syringe without a needle. To express mutant RNA 1 with wt RNAs 2 and 3, the leaves were coinfiltrated with a mixture of two bacterial suspensions, one expressing RNAs 1 and 2 from a pMOGR12 derivative and the other expressing RNA 3 from pMOGR3. The optical density at 600 nm (OD 600 ) of the mixed suspension was between 1.0 and 1.5, and the OD 600 of each strain in the mixture was at least 0.5 (42) . Leaves were harvested for total RNA isolation 2 or 5 days after infiltration.
Infectivity studies. RNAs accumulating in agroinfiltrated N. benthamiana leaves were assayed for infectivity by inoculation of RNA extracts from these leaves on the leaves of nontransgenic tobacco plants (Nicotiana tabacum cv. Samsun NN) or transgenic tobacco expressing the AMV P1 and P2 genes (P12 plants). Each tobacco leaf was inoculated with an RNA extract obtained from 50 mg of infiltrated tissue, to which 10 mg of CP had been added (36) . The inoculated leaves were harvested for RNA isolation 5 days after inoculation.
Isolation and analysis of RNA. RNA was extracted from 250 mg of plant tissue, either agroinfiltrated N. benthamiana or inoculated N. tabacum, and analyzed by Northern blot hybridization as described previously (42) . All Northern blotting was performed with nylon membranes (Roche). RNA from 5 mg of agroinfiltrated N. benthamiana tissue was analyzed with digoxigenin-labeled riboprobes specific for minus strand AMV RNAs 1, 2, and 3. RNA from 0.1 mg of agroinfiltrated N. benthamiana or inoculated tobacco tissue was analyzed with digoxigenin-labeled riboprobes specific for plus strand AMV RNAs 1, 2, and 3. To permit quantification of the RNAs, RNA from 5 mg of agroinfiltrated N. benthamiana tissue was analyzed with 32 P-labeled transcripts specific for plus or minus strand AMV RNAs 1, 2, and 3. The radiolabeled transcripts were obtained with T7 RNA polymerase. The RNAs were visualized by autoradiography and quantified with a PhosphorImager (Bio-Rad).
RdRp isolation and analysis. Two days after agroinfiltration, RdRp was isolated from approximately 10 g of N. benthamiana leaf tissue as described previously (30) . In short, leaves were homogenized, and large debris and nuclei were spun down. The supernatant was subsequently centrifuged at 30,000 ϫ g for 20 min. To obtain template-dependent RdRp, the 30,000 ϫ g pellet (P30) was solubilized by using a high-salt solution and detergent. The isolate was further purified on a glycerol gradient. The gradients were harvested in 19 fractions of 2 ml each. Fifteen microliters of each fraction was analyzed in an in vitro RdRp assay using plus or minus strand AMV RNA 3 as a template (11) . The 32 Plabeled RNA products synthesized in vitro by the RdRp were extracted with phenol-chloroform, precipitated, treated with nuclease S1, run on a 1.5% agarose gel, and analyzed by autoradiography.
The template RNAs used in the RdRp assays were transcribed with T7 RNA polymerase (11) . Positive-strand AMV RNA 3 was transcribed from pAL3 (26) . Negative-strand RNA 3 was transcribed from pT71-301 (38) . Therefore, pAL3 and pT71-301 were linearized with PstI, which created overhangs that were made blunt with T4 DNA polymerase.
Protein analysis. Accumulation of P1, P2, and CP in agroinfiltrated N. benthamiana was visualized by Western blot analysis. Five hundred milligrams of tissue was homogenized in 0.5 ml of PEN buffer (10 mM NaH 2 PO 4 [pH 7.0], 1 mM EDTA) 5 days after infiltration. For the detection of CP, an aliquot of the homogenate corresponding to 2.5 mg of infiltrated tissue was loaded onto the blot and analyzed with a rabbit polyclonal CP-specific antibody. For the detection of P1 and P2, the homogenate was centrifuged at 30,000 ϫ g, the pellet (P30 fraction) was resuspended in PEN buffer, and an aliquot corresponding to 50 mg of infiltrated tissue was loaded onto the blot. P1 and P2 were detected by using rabbit polyclonal antibodies directed against the C-terminal 20 amino acids of P1 or the N-terminal half of P2 (37, 39) . Western blotting was performed with Hybond-P polyvinylidene difluoride membranes (Amersham Pharmacia Biotech).
RESULTS
Agroinfiltration of AMV P1 mutants. Six mutants were constructed each containing a single substitution of a conserved residue in the putative AMV methyltransferase domain (Fig.  1B) . His-100, Asp-154, and Tyr-266 were replaced by Ala residues (mutants H100A, D154A, Y266A), Arg-157 was replaced by a Gly residue (mutant R157G), and Cys-182 and Cys-189 were replaced by Ser residues (mutants C128S and C189S). Full-length mutant cDNA 1 sequences were cloned between the cauliflower mosaic virus 35S promoter and the nos terminator in the T region of the binary vector pMOGR2, which already contained cDNA 2 between the 35S promoter and the nos terminator (42) . The resulting pMOGR12 derivatives were transformed to A. tumefaciens. Previously, we showed that infiltration of N. benthamiana leaves with a mixture of two A. tumefaciens suspensions, one containing pMOGR12 and the other containing pMOGR3, resulted in the accumulation of positive-strand RNA, negative-strand RNA, and CP at levels comparable to those of a wt infection (42) . In this agroinfection, RNAs 1 and 2 are expressed from pMOGR12 whereas RNA 3 is expressed from pMOGR3. CP is not required to initiate agroinfection, which is probably due to the poly(A) tail of the T-DNA transcripts (25) .
The six P1 mutants were expressed in N. benthamiana leaves by infiltration with a mixture of two bacterial suspensions, one containing a mutant pMOGR12 derivative and the other containing pMOGR3. Mixtures of bacteria with the wt construct pMOGR12 and pMOGR3 were used as a positive control, whereas mixtures containing the empty vector pMOG800 and pMOGR3 served as a negative control. Figure 2 shows the accumulation in the agroinfiltrated leaves of viral positivestrand RNA (A), negative-strand RNA (B), and CP (C). Note that lane 8 of Fig. 2A with the wt control was loaded with 33-fold-less material than the other lanes of Fig. 2A . Lanes 1 to 8 of Fig. 2B and C were loaded with equal amounts of RNA or protein extracts. With radiolabeled probes, accumulation of positive-or negative-strand RNA by mutants H100A and C189S was not detectable. For mutant H100A, low levels of positive-and negative-strand accumulation could be visualized when the blots were probed with more-sensitive digoxigeninlabeled probes and exposed to X-ray films for a longer time (data not shown), but signals obtained with this type of label are difficult to quantify. In agreement with their defect in RNA accumulation, mutants H100A and C189S did not induce the accumulation of detectable amounts of CP (Fig. 2C, lanes 2  and 6) .
The other four P1 mutants (D154A, R157G, C182S, and Y266A) induced the accumulation of significant amounts of positive-strand RNA, negative-strand RNA, and CP. As shown in Fig. 2A and as summarized in Table 1 , accumulation of positive-strand RNA by these mutants ranged between 0.3 and 2% of that of the wt control. As discussed in the next paragraph, the bands of positive-strand RNAs 1, 2, and 3 in Fig. 2A may represent de novo synthesis of viral RNA and/or nuclear transcripts from the T-DNA vectors that are protected from degradation by the viral CP. Therefore, the levels of RNA 4 were measured to quantify positive-strand accumulation. Accumulation of negative-strand RNA by mutant C182S was detectable only after a longer exposure of the blot of Fig. 2B (result not shown) and was quantified at 2% of that of the wt control (Table 1 ). In contrast, levels of negative-strand RNA accumulation by mutants D154A, R157G, and Y266A were relatively high and ranged between 27 and 38% of that of the wt control ( Fig. 2B and Table 1 ). Because for some mutants accumulation of negative-strand RNA 1 or 2 was difficult to quantify, the data in Table 1 reflect the accumulation of negative-strand RNA 3. For unknown reasons, some mutations in the pMOGR12 derivatives, particularly H100A, R157G, and Y266A, caused the bacteria to grow to a lower OD 600 than the wt control in a few experiments. Therefore, the experiments were repeated four or five times to obtain the data shown in Table 1 ; Fig. 2 represents the data from a typical experiment.
Accumulation of CP in leaves agroinfiltrated with mutants D154A, R157G, C182S, and Y266A (Fig. 2C ) paralleled the accumulation of RNA 4 by these mutants (Fig. 2A) . Although CP was not quantified, the Western blot data indicated that CP accumulation by these mutants was strongly reduced compared to that of the wt control. By analogy to the data with other alphavirus-like viruses, the mutant RNAs are probably not capped. We have shown that uncapped AMV RNA 4 is translated in transfected protoplasts, albeit with considerably lower efficiency than capped RNA 4 (25) . Furthermore, we have shown that positive-strand AMV RNAs, either transcribed from a T-DNA vector or synthesized de novo in agroinfiltrated leaves, are rapidly degraded in the absence of CP (42) . Therefore, it is possible that one ore more mutants support the synthesis of a relatively large amount of positive-strand RNA, which is subsequently degraded because of the limited availability of CP. Thus, the synthesis of CP that is visualized in Fig.  2C could have been driven by relatively large amounts of uncapped RNA 4. The possibility that inefficient translation of uncapped RNA 4 serves as a bottleneck in the accumulation of positive-strand AMV RNAs makes it difficult to assess the effect of the P1 mutations on positive-strand RNA synthesis. Our previous data demonstrated that the absence of CP does not affect accumulation of negative-strand AMV RNAs in agroinfiltrated leaves (42) . Thus, we limited our conclusions concerning the effects of the P1 mutations on replication in vivo to the synthesis of negative-strand RNA.
Primer extension analyses have been successfully used to discriminate between capped and noncapped RNA of BMV FIG. 2. Accumulation of viral RNA and CP in agroinfiltrated leaves. Leaves were infiltrated with a mixture of a suspension of A. tumefaciens containing the pMOGR3 construct and a suspension of A. tumefaciens containing either the empty T-DNA vector (pMOG800) or construct pMOGR12-H100A, pMOGR12-D154A, pMOGR12-R157G, pMOGR12-C182S, pMOGR12-C189S, pMOGR12-Y266A, or pMOGR12, as indicated above the lanes. (A and B) Viral RNA accumulation. RNA was extracted from the leaves 5 days after infiltration and analyzed by Northern blot hybridization using radiolabeled probes detecting plus strand RNAs 1 to 4 (A) or digoxigenin-labeled probes detecting minus strand RNAs 1, 2, and 3 (B). Lane 8 of panel A was loaded with RNA that was extracted from 33-fold-less leaf material than that from which the RNA loaded onto lanes 1 to 7 was extracted; lanes 1 to 8 of panels B and C were equally loaded. The positions of plus strand RNAs 1 to 4 and minus strand RNAs 1 to 3 are indicated at the left. (C) CP accumulation. Leaves were homogenized 5 days after infiltration, and the homogenates were analyzed by Western blotting using antiserum to CP. The position of CP is indicated at the left. In each panel, the lanes were derived from a single gel. a N. benthamiana was coinfiltrated with A. tumefaciens suspensions containing pMOGR3 and pMOGR12, the latter encoding the indicated mutations in P1.
b Accumulation of negative-strand RNA 3 and positive-strand RNA 4 relative to the wt is given. Accumulation was quantified from Northern blots hybridized to radiolabeled probes. The experiments were repeated four or five times. and tobacco mosaic virus (2, 18) . However, in our experiments DNA fragments of similar sizes were obtained irrespective of whether primer extension toward the 5Ј end of the RNA was done with native RNA 4, in vitro-transcribed capped or noncapped RNA 4, or RNA 4 synthesized by the mutant replicase complexes in the infiltrated leaves (data not shown). Thus, we did not obtain definite proof that the positive-strand RNAs produced by our mutants were uncapped.
Inoculation of N. tabacum with RNAs from the infiltrated N. benthamiana leaves. Fragments of RNA 1 spanning the D154A, R157G, C182S, and Y266A mutations were amplified by reverse transcription-PCR on RNA isolated from the infiltrated N. benthamiana leaves. The resulting PCR products were cloned, and, when at least two clones per PCR were sequenced, no revertants were found. Subsequently, nontransgenic N. tabacum as well as P12 tobacco plants were inoculated with RNA from the infiltrated N. benthamiana leaves. P12 plants express P1 and P2 from nuclear transgenes, and inoculation of these plants with RNA 3 results in replication of RNA 3 and synthesis of RNA 4 (36) . AMV RNAs from the N. benthamiana leaves with RNA 1 encoding the D154A, R157G, C182S, or Y266A mutation were not infectious to nontransgenic tobacco plants (Fig. 3A, lanes 2 to 5) . However, the RNA 3 species that accumulated in the infiltrated N. benthamiana leaves were fully infectious to P12 plants (Fig. 3B, lanes 2 to 5) . Note that RNA 3 does not need to be capped to be infectious and that genome activation is not required for infection of P12 plants with RNA 3 (26, 36) . So, the amount of RNA isolated from the infiltrated leaves was sufficient to initiate an infection (Fig. 3B ), but the mutations introduced into the methyltransferase-like domain of P1 abolished infectivity of the RNA (Fig.  3A) . In conclusion, RNAs encoding the D154A, R157G, C182S, or Y266A mutations in the methyltransferase-like domain of P1 could most likely support a single round of replication in agroinfiltrated N. benthamiana, after which the resulting RNAs were not able to sustain an infection.
Effects of methyltransferase domain mutations on RdRp activity in vitro. Leaves were coinfiltrated with A. tumefaciens containing pMOGR12 derivatives encoding one of the six P1 mutations and A. tumefaciens containing pMOGR3. Two days after infiltration, the leaves were homogenized, after which RdRp was solubilized from the 30,000 ϫ g membrane fraction (P30) and purified on a glycerol gradient. Glycerol gradients were harvested in 19 2-ml fractions starting at the bottom of the gradient, after which RdRp activity was detected by conversion of positive-or negative-strand RNA 3 templates into double-stranded radiolabeled products (Fig. 4A and B) . Several mutants induced detectable amounts of RdRp activity, and the sedimentation behavior of this RdRp resembled that of wt RdRp, with most activity being present in fraction 11 of the glycerol gradients. Therefore, fraction 11 was used in the RdRp assays with all mutants. Note that positive-strand RNA 4 was synthesized in the RdRp assays when negative-strand RNA 3 was used as a template (Fig. 4B) . Samples from the P30 fractions that were collected during the RdRp isolations were analyzed with antiserum to P1 and P2 to show the relative levels of accumulation of these proteins in the infiltrated leaves (Fig. 4C) . The antisera detected minor amounts of host proteins (Fig. 4C, lane 1) that comigrated with P1 and P2, but the viral proteins were consistently detected at above-background levels (Fig. 4C, lanes 2 to 8) . P1 and P2 were not detectable in the supernatant (S30 fraction) obtained after centrifugation at 30,000 ϫ g of the homogenates of leaves infiltrated with bacteria containing the wt or mutant constructs (result not shown).
Similar to the defects in RNA synthesis in vivo of mutants H100A and C189S (Fig. 2) was the inactivity of RdRp preparations of these mutants in RNA synthesis in vitro (Fig. 4A and  B, lanes 2 and 6) . Mutants D154A, R157G, and Y266A induced similar levels of negative-strand RNA accumulation in vivo (27 to 38% of that of the wt control; Table 1 and Fig. 2 ), but the in vitro RNA-synthesizing activities of the purified RdRp preparations of these mutants were rather different. Synthesis of negative-and positive-strand RNA in vitro ( Fig.  4A and B) tabacum (A) and in leaves of P12 tobacco plants, which express P1 and P2 from nuclear transgenes (B). The leaves were inoculated with RNA isolated from N. benthamiana leaves that had been infiltrated with a mixture of A. tumefaciens containing the pMOGR3 construct and A. tumefaciens containing either the empty T-DNA vector (pMOG800) or construct pMOGR12-D154A, pMOGR12-R157G, pMOGR12-C182S, pMOGR12-Y266A, or pMOGR12, as indicated above the lanes. RNA isolated from leaves that had been infiltrated with A. tumefaciens containing pMOGR3 and A. tumefaciens containing pMOGR12 was diluted 100-fold before inoculation. RNA was isolated from the leaves 5 days after inoculation and analyzed by Northern blot hybridization using digoxigenin-labeled probes detecting plus strand RNAs 1 to 4. The positions of RNAs 1 to 4 are indicated at the left.
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MUTATIONAL ANALYSIS OF AMV P1 11325 mutant C182S (Fig. 4A and B, lane 5) resembled that of mutant R157G (Fig. 4A and B, lane 4) although levels of accumulation of negative-strand RNA by these mutants in vivo are rather different, being 2 and 28% of that of the wt, respectively (Table 1 and Fig. 2) . Apparently, there is no clear correlation between the levels of RNA synthesis induced by these mutants in the infiltrated leaves and the activity in vitro of the RdRps isolated from these leaves. Possible explanations for this observation are discussed below. Negative-strand synthesis of RNA 1 encoding H100A and C189S mutations can be supported in trans. Previously, we obtained evidence that AMV RNAs 1 and 2 require their encoded proteins in cis for replication (24, 40) . In the present study, leaves were coinfiltrated with an A. tumefaciens strain carrying pMOGR12, which encodes the H100A or C189S mutation via cDNA 1 and an A. tumefaciens strain carrying pMOGR1⌬/2⌬, which encodes RNAs 1 and 2 with the 3Ј UTRs deleted (42) . Coinfiltration of N. benthamiana with A. tumefaciens containing the pMOGR1⌬/2⌬ and pMOGR3 constructs resulted in replication of RNA 3 at nearly wt levels, but no negative strands corresponding to the 3Ј-truncated RNAs 1 and 2 were synthesized (42). Thus, transient expression of P1 and P2 from the pMOGR1⌬/2⌬ construct is sufficient to support replication of RNA 3 in trans. Figure 5 shows that this transient expression also supports in trans the synthesis of negative strands corresponding to RNA 1 encoding the H100A and C189S mutations (lanes 2 and 3) . The apparent discrepancy with previous data pointing to a requirement of P1 in cis for replication are discussed below.
DISCUSSION
Agroinfiltration of AMV. Coinfiltration of N. benthamiana with A. tumefaciens suspensions containing pMOGR12 and pMOGR3 constructs results in levels of virus accumulation in the infiltrated leaf that are similar to those obtained in a wt infection (42) . In the previous study, we provided evidence that FIG. 4 . In vitro activity of RdRp preparations isolated from agroinfiltrated N. benthamiana leaves. Leaves were infiltrated with a mixture of a suspension of A. tumefaciens containing the pMOGR3 construct and a suspension of A. tumefaciens containing either the empty T-DNA vector (pMOG800) or construct pMOGR12-H100A, pMOGR12-D154A, pMOGR12-R157G, pMOGR12-C182S, pMOGR12-C189S, pMOGR12-Y266A, or pMOGR12, as indicated above the lanes. Two days after infiltration, the leaves were homogenized, after which RdRp was solubilized from the 30,000 ϫ g membrane fraction (P30) and sedimented in a glycerol gradient. The gradients were harvested in 19 fractions of 2 ml each with fraction 1 at the bottom of the gradient. (A and B) In vitro RdRp assays. Samples from fraction 11 of the glycerol gradients were used in RdRp assays with plus strand AMV RNA 3 (A) or minus strand RNA 3 (B) as the templates. Radiolabeled products synthesized by the RdRp on these templates were analyzed by gel electrophoresis and autoradiography. The wt RdRp copies plus strand RNA 3 into full-length minus strand RNA 3 and copies minus strand the T-DNA is expressed in a large portion of the cells of the infiltrated leaf and that cell-to-cell transport plays no role in the transient expression of the P1 and P2 proteins (42) . Here, we used this expression system to study mutations in the methyltransferase-like domain of P1. Six residues that are conserved in capping proteins of a number of alphavirus-like viruses and that are crucial to the capping activity of these proteins (1, 2, 4, 43) were mutated. Mutant viral T-DNA transcripts are capped by the cellular capping machinery, and Western blot data (Fig. 4C) indicated that the six mutations did not grossly affect translation of P1 from these nuclear transcripts or the stability of P1. The finding that none of the mutants was infectious showed that the mutated residues are essential for replication-associated functions of P1. Transient expression of the mutants revealed that some mutations blocked negativestrand RNA synthesis while other mutations mainly affected replication events following negative-strand RNA synthesis.
Replication of AMV with mutations in the methyltransferase-like domain of P1. Mutants H100A and C189S showed virtually no accumulation of negative-or positive-strand RNAs. The results with these mutants point to a role for the methyltransferase-like domain of AMV in the synthesis of viral negative-strand RNA. BMV encoding the equivalent of the H100A mutation replicated in Saccharomyces cerevisiae at 10% of the wt level, while mutation of one of three other residues in the methyltransferase domain of BMV reduced negativestrand synthesis to levels ranging from 1 to 2% of that of the wt to undetectable (2) . Furthermore, the SIN capping protein nsP1 has been reported to play a role in negative-strand RNA synthesis (44) . It is possible that mutations in the methyltransferase-like domain of AMV affect the functions of other domains in P1 or P2 by changing the tertiary structure of P1. Similar to what was found for the BMV 1a and 2a proteins, it has been shown that the C terminus of AMV P1 interacts with the N terminus of P2 (14, 28, 31, 32, 37) . In addition, for the 1a proteins of BMV and cucumber mosaic virus, interactions between the capping and helicase-like domains have been demonstrated, while the capping domains were found to mediate 1a-1a dimerization (28, 29) . Moreover, sequences in the capping domains of BMV and SFV (and flanking sequences) mediate membrane association, and it has been proposed that these domains guide RdRp/template complexes to the intracellular membranes, where RNA replication occurs (5, 9, 16, 17, 34) .
In infected plant cells, the AMV P1 and P2 proteins accumulate at the vacuolar membrane, and it was suggested that this membrane represents the site of RNA replication (37) . After fractionation of a leaf homogenate, the P1 and P2 proteins induced by the wt and mutants H100A and C189S were found in the P30 fraction (Fig. 4C) . After solubilization from the P30 fraction, mutant P1 sedimented in the same fractions of the glycerol gradient as wt P1 (data not shown). This could indicate that the mutant replicase proteins are membrane associated but does not prove that they are correctly targeted to putative replication complexes at the vacuolar membrane. We have shown that formation in agroinfiltrated leaves of an RdRp that is active in vitro requires both transient expression of P1 and P2 and the presence of an actively replicating template RNA (42) . Possibly, the absence of replication in the leaves infiltrated with mutants H100A and C189S prevented formation of an RdRp with in vitro activity.
Mutants D154A, R157G, and Y266A supported negativestrand RNA synthesis at 30 to 40% of the wt level, whereas accumulation of positive-strand RNA by these mutants was relatively low (2% or less). As discussed in Results, the low level of accumulation of positive-strand RNA could be (partially) due to inefficient translation of uncapped RNA 4 into CP, preventing protection of the RNAs by encapsidation. Alternatively, a defect in capping could promote degradation of the RNAs or the mutant enzymes could be defective in de novo synthesis of positive-strand RNA. Mutation of R136 in the BMV 1a protein (equivalent to R157 in AMV P1) reduced positive-strand RNA accumulation in yeast to less than 0.5% of the wt level (2). However, this accumulation increased dramatically when the mutant was expressed in yeast defective in degradation of uncapped RNAs (2). In addition, 1a stabilizes BMV RNAs in yeast, and it has been proposed that the binding of 1a to the RNAs reflects a role for the protein in recruitment of the RNAs to the membrane-bound replication complexes (8, 12, 34, 35) . Interestingly, the R136A mutation in BMV 1a appeared to affect this recruitment function (2) .
The observation that mutants D154A, R157G, and Y266A induced the synthesis of negative-strand RNA at 30 to 40% of the wt level suggested that at least some of the replicase proteins and template RNAs of these mutants were properly targeted to membrane-associated replication complexes. Possibly, these mutations mainly affect steps in the replication cycle which occur after negative-strand RNA synthesis, including the capping of the positive-strand RNAs. Because the capping of RNAs does not occur in the in vitro RdRp assay, we surmised that a defect in capping activity would not affect RNA synthesis by the mutant enzymes in vitro. However, only the RdRp containing the D154A mutation supported negative-and positive-strand RNA synthesis in vitro at wt levels (Fig. 4) . The strong reduction in the in vitro activity of RdRp from mutants R157G and Y266A could suggest that the mutations affect functions that are involved in RNA synthesis in vitro. Another possibility, however, is that these mutations affect the stability of the RdRp and result in inactivation of the enzyme during the isolation procedure. To our knowledge, the results with mutant D154A represent the first assembly in a plant of an RdRp with full in vitro activity from a noninfectious virus mutant. Possibly, this mutant was defective in RNA capping only.
Mutant C182S supported synthesis of negative-strand RNA at 2% of the wt level. However, this was sufficient to permit both accumulation of positive-strand RNA and CP and formation of an RdRp that showed a low activity in the in vitro RdRp assay. Apparently, mutations in the methyltransferase-like domain of P1 can reduce negative-strand RNA synthesis to levels ranging from undetectable to 40% of the wt level.
P1 supports negative-strand synthesis of RNA 1 in trans. Previously, we showed that transgenic plants that express the AMV P1 protein (P1 plants) support replication of AMV RNAs 2 and 3 (36) . In these plants wt RNA 1 was able to coreplicate with RNAs 2 and 3, but this coreplication was abolished by mutations in the P1 gene in RNA 1 (40) . Similar results were obtained with protoplasts from P1 plants (24) . It was proposed that either the P1 protein is required in cis for VOL. 76, 2002 MUTATIONAL ANALYSIS OF AMV P1 11327
on October 1, 2017 by guest http://jvi.asm.org/ replication of RNA 1 or mutant RNA 1 is unable to compete with wt RNAs for the replication machinery. In these previous experiments, only accumulation of positive-strand RNA was analyzed. Here, we showed that the defect in negative-strand RNA synthesis of mutants H100A and C189S could be complemented by coexpression of wt P1 from the pMOGR1⌬/2⌬ construct. Thus, negative-strand RNA 1 synthesis by at least mutants H100A and C189S could be complemented by wt P1 in trans. Similarly, a defect in negative-strand RNA 3 synthesis of a BMV methyltransferase domain mutant could be complemented in yeast by coexpression of wt 1a (2) . Moreover, nsP1 could rescue in trans replication of a SIN strain that was conditionally defective in methyltransferase activity (19) . A more extensive analysis of cis-and trans-acting functions of AMV P1 and P2 in negative-strand RNA synthesis will be published elsewhere (A. C. Vlot, unpublished data).
